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Abstract 
The use of water is a critical aspect in the design, engineering and operation of any fossil-fuel-fired power plant and it is 
an important element in any environmental assessment and life cycle analysis. A large amount of water is needed to 
generate electricity from any fossil-fuel-fired power plant. 
This paper summarizes the results of a study carried out by Foster Wheeler for the IEA Greenhouse Gas R&D Programme 
(IEA GHG) with the purpose of evaluating the water usage in plants with and without CO2 capture. The study focuses on 
the techno-economic evaluation of five different alternatives establishing, for each of them, the water usage and the 
possibility of reducing the water consumption in areas where availability of water could be limited. 
The study evaluates several alternative bituminous-coal-fired power plant configurations based on the following 
technologies: 
 Pulverised coal-fired power plant with ultrasupercritical steam cycle (USC-PC); 
 Pulverised coal-fired power plant with ultrasupercritical steam cycle using oxyfuel combustion; 
 IGCC using GEE quench-type gasifier. 
All cases are evaluated without and with capture of the CO2. The CO2 capture rate is assumed to be at least 85% of the 
total CO2 emissions. In all cases the plant is located in an area where water supply could be severely limited and 
therefore special attention is paid to any possibility of reducing the water usage and consumption. 
Reference plants located in areas without water limitations, used as a basis for this study, are taken from reports already 
issued by IEA GHG R&D Programme, assessing the performance of power plants with and without CO2 capture. Some 
of the reference reports have been developed by Foster Wheeler and some by other engineering companies. 
The following study objectives are pursued: 
 To establish a rigorous accounting of water usage throughout the different power plants and compare water usage 
in power plants with and without CO2 capture, providing a breakdown of water consumption for each case. 
 To establish an acceptable methodology that can be used to compare water usage in power plants and provide a 
baseline set of cases and water loss data for assessing potential improvements and evaluating R&D programs. 
 To evaluate water usage and loss of power plants using oxyfuel, pre- or post combustion CO2 capture 
technologies.
 To assess and evaluate the performance, the costs and the potential impact on the water usage of power plants with 
CO2 capture located in areas where water supply could be severely limited.  
The performance of the power plants is estimated based on the power plants that could be ordered today, including all the 
features needed to reduce the water consumption (e.g. maximization of air cooling, recycle of treated water to the process up 
to a zero discharge plant, etc).  
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1. Bases of design 
The power plants are designed to process, in an environmentally acceptable manner, an open-cut coal from eastern Australia 
and produce electric energy to be delivered to the local grid. 
The coal has a lower heating value (LHV) equal to 25,870 kJ/kg and a sulphur content equal to 1.1% wt (dry ash free).  
Two different plant locations are assumed for the cases without and with limitation on water usage, respectively: 
 Reference cases – wet land 
 The site for the reference cases, wet land, is a green field located on the NE coast of the Netherlands, with an 
average air temperature of 9°C and an average seawater temperature of 12°C; 
 Dry land cases 
 The site for dry land cases is a green field located in a dry inland region in South Africa, with an average air 
temperature of 14°C.  
For each power plant alternative, the power production is targeted at approximately 600-800 MWe.  
Conventional power stations without CO2 capture are designed to approximately provide 750 MWe of power production. 
The oxyfuel case is designed to produce a significantly lower amount of electric power, close to 550 MWe.  
For the alternatives with pre-combustion CO2 capture, the design capacity is fixed to match the capacity of two frame F-250 
MWe class gas turbines (GT). 
The gaseous emissions from the different power plants do not exceed the limits listed in Table 1. 
Table 1 – Emission limits. 
USC PC / Oxyfuel (1) IGCC (2) 
NOx (as NO2)  200 mg/Nm3  80 mg/Nm3
SOx (as SO2)  200 mg/Nm3  10 mg/Nm3
Particulate    30 mg/Nm3  10 mg/Nm3
Note: (1) @ 6% O2 vol dry 
 (2) @ 15% O2 vol dry 
The product of the power plants is electric energy. By-products are sulphur (for IGCC cases only) and carbon dioxide (for 
the alternatives recovering CO2); by-products/wastes are bottoms ash, fly ash, gypsum for USC PC and oxyfuel cases, slag 
and filter cake for gasification cases. 
The carbon capture efficiency depends on the specific case, ranging from 85 to 90%. 
2. Description of the alternatives 
The study analyses the following five different alternatives: 
 Case 1: Pulverised coal-fired power plant with ultrasupercritical steam cycle without CO2 capture (USC-PC 
without CCS); 
 Case 2: Pulverised coal fired power plant with ultrasupercritical steam cycle with post-combustion CO2 capture 
based on standard MEA solvent (USC-PC with CCS); 
 Case 3: Pulverised coal fired power plant with ultrasupercritical steam cycle using oxyfuel combustion for CO2
capture; 
 Case 4: IGCC using GEE Quench type gasifier without CO2 capture (IGCC without CCS); 
 Case 5: IGCC using GEE Quench type gasifier with pre-combustion CO2 capture based on physical solvent (IGCC 
with CCS). 
For each of the alternatives the case without and with limitation on water usage is evaluated. 
Two concepts are applied in relation to water usage: 
 Water withdrawal refers to the total water taken from a source and sent back to the same source; 
 Water consumption refers to the irrecoverable loss of water that is not returned to the source. 
USC PC without CCS: This case is based on an Ultra Supercritical Pulverised Coal (USCPC) boiler, once-through steam 
generator type, with superheating and single steam reheating. The boiler is a single-pass tower-type, with a staged low-NOx 
burner system. The boiler is equipped with SCR (selective catalytic reactor) based on De NOx and with electro-static 
precipitators (ESP). To remove the SOx content, a FGD (flue gas desulphuriser) system is provided to scrub the boiler 
exhaust gases prior release to the atmosphere. The power island is mainly composed by one steam turbine, with HP, MP and 
LP sections, all connected to the generator on a single shaft arrangement. 
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In order to evaluate the possible areas of intervention for saving water usage, the block flow diagram shown in Figure 1 has 
been developed. 
The main raw water consumptions are the following: 
- Demi water unit: raw water is needed to produce demi water, mainly sent to the power island to compensate the 
water losses in the condensate polishing section. 
- FGD: raw water is needed to compensate the sour water blow down from the unit and to feed the limestone to the 
FGD scrubber for the removal of the SOx. 
The water withdrawal, in the case without limitation of water usage, is represented by the cooling water taken from the sea 
and mainly used in the steam turbine condenser of the power island. 
Figure 1 – details of water usage – wet land case 
Looking at the dry land case, although it does not represent a consumption, the sea water withdrawal is reduced to zero as 
the plant is supposed to be built in an area where sea water is not available. With this aim, air cooling system shall be 
foreseen in place of the once thru cooling water system considered in the reference case where no limitations on water usage 
are imposed. This solution allows reducing to zero the water withdrawal but has a heavy impact on the overall plant 
performance leading to a reduction of the net power output of approximately 4%. 
In order to minimize the overall water consumption, the water treated in the waste water treatment (WWT) unit is reused in 
the plant as raw water and partially sent back to the demi plant where necessary. To minimise the water discharged from the 
WWT, a concentration unit for the rejected water downstream of the treatment is considered. In this case the goal of zero 
liquid discharge is achieved by means of a concentration process that consists of the following main steps: 
 Heating of the rejected water; 
 Evaporation of water and concentration of the stream to produce salts precipitation; 
 Final dewatering (crystallization) of concentrated chemical sludge. 
In order to reduce the water consumption in the FGD system in could be possible to switch to a Dry FGD system using 
hydrated lime. This system would assure the proper SOx removal being the content of sulphur in coal sufficiently low. The 
dry FGD use about 30% less water than wet FGD, has lower investment costs but much higher O&M cost. The water saved 
would not be sufficient to satisfy the entire water balance without the need of a consumption of raw water. 
From Figure 1 it appears clear that, even recovering the entire flowrate discharged from the WWT, it is not possible to 
satisfy the total raw water requirements. Therefore a section for the condensation and recovery of water from the flue gases 
downstream the boiler is foreseen. 
Such a recovery is obtained by means of a direct contact cooler (DCC) where heat is transferred from the stream of flue gas 
to a stream of water. The direct contact cooler is very efficient, since both the sensible and latent heat is transferred and there 
are no surfaces to be fouled. Trays or packed beds are installed so that the flue gas and water streams from the column 
approach the thermodynamic equilibrium conditions (which means producing more condensate). The temperature of the 
warm water coming from the column is reduced in a dedicated air cooler. The only drawback of the DCC is that, due to the 
additional pressure drops, the head of the ID fan upstream needs to be increased. As it can be seen in the attached Figure 2, 
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through the reuse of the water from the WWT and the application of the DCC, the overall raw water consumption can be 
reduced to zero. 
Figure 2 – details of water usage – dry land case 
USCPC with post-combustion CCS: The CO2 capture plant is mainly composed of two parallel trains made of one direct 
contact cooler and one absorption column, followed by a common regenerator stripper. The flue gas entering the absorption 
column is contacted with MEA (Mono Ethanolamine). The solvent is then heated to break down the compound and release 
solvent and high-purity carbon dioxide. The produced CO2 rich stream flows from the outlet of the regeneration column to 
the CO2 compression unit, which is composed of different stages, with intercooling between them. 
The main consumptions of raw water are the following: 
- Demineralisation water unit: raw water is needed to produce demineralised water mainly sent to the power island to 
compensate the water losses in the condensate polishing section. 
- FGD: raw water is needed to compensate the sour water blow down from the unit and to feed the limestone to the 
FGD scrubber for the removal of the SOx. 
- CO2 capture unit: raw water is required to scrub the gases leaving the column and remove any entrained MEA. 
This consumption of water can be avoided in some CO2 capture processes where part of the water discharged into 
the flue gas cooling upstream the column can be reused. For the purposes of this paper, the need of such a makeup 
is considered. 
The water withdrawal is represented by the cooling water taken from the sea in the case without limitation of water usage 
and mainly used in the steam turbine condenser of the power island, in the CO2 capture unit and in the intercoolers of the 
CO2 compression unit. 
Looking at the dry land case, as shown in the relevant case without CO2 capture, the sea water withdrawal is reduced to zero 
by introducing a fully air cooled system. The impact on the performance is much higher than in the case without CO2
capture, as it applies to power island and to CO2 compression intercoolers leading to a reduction of the net power output of 
approximately 6.5% as compared to 4.5% for the case without CO2 capture. 
The recovery of the water from the flue gases by means of a direct contact cooler and the use of the water discharged from 
the WWT as raw water allows also for this case for the reduction to zero of the overall plant raw water intake. 
Oxycombustion USCPC with post-combustion CCS: This case is similar to the previous plant with post-combustion CCS. 
Oxygen (typically with purity greater than 95%) is used for combustion of the fuel instead of air. To use existing, proven 
boiler technology, flue gas must be recycled and used for pulverised fuel transport and for inert dilution to moderate the peak
temperature in the furnace. The boiler is equipped with ESPs. SOx and NOx are removed from gaseous CO2 during 
compression: in fact, at elevated pressure, providing enough contact time and in the presence of molecular oxygen and 
water, the above-mentioned contaminants react to form sulphuric acid and nitric acid respectively that are removed from the 
system as aqueous solutions. The gas is then partially recirculated to the boiler and in part dehydrated and sent to the 
compression unit. The inert gas content, derived from excess oxygen, along with argon and nitrogen present in the oxygen 
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feed, is mostly separated and vented. An air separation unit (ASU) provides the low pressure oxygen required by the 
combustion. 
The main raw water consumptions are the following: 
- Demi water unit: raw water is needed to produce demi water mainly sent to the power island to compensate the 
water losses in the condensate polishing section. 
- CO2 purification unit: raw water is required to scrub the gases in order to cool them at the required temperature 
upstream of the flue gas partial recirculation to the boiler, as ballast in the oxy combustion process. The quantity of 
water needed to polish the CO2 rich flue gas, being already approximately 75% CO2 on a dry basis, is much less 
than that of the traditional USC post combustion CO2 capture case based on amine. 
The water withdrawal is represented by the cooling water taken from the sea in the case without limitation of water usage 
and mainly used in the steam turbine condenser of the power island, in the water coolers of ASU compressors and CO2
compressor. 
Looking at the dry land case, the sea water withdrawal is reduced to zero by introducing a fully air cooled system. The 
impact on the performance is still higher than in the previous cases, as it applies to the power island, to CO2 compression 
intercoolers and on ASU intercoolers leading to a reduction of the net power output of approximately 7.5%. 
Due to the nature itself of the CO2 purification unit where there is the need to separate the entire quantity of water from the 
flue gases, in the oxyfuel case the water discharged from the WWT unit is enough to satisfy the raw water consumption 
requirement. Therefore, without the addition of any further equipment, the reduction to zero of the overall plant raw water 
make up can be achieved. 
IGCC without CCS: This case is based on an Integrated Gasification Combined Cycle (IGCC) with GEE gasification 
technology. Coal is crushed and a slurry with water is prepared to feed the gasifier burner, together with O2 from the ASU. 
The produced raw syngas outlet from the gasification island is then treated and cleaned through a H2S removal unit (AGR), 
based on a physical solvent washing. The cleaned syngas is used in a combined cycle, which mainly consists of 2 GTs, 2 
HRSGs and 1 single steam turbine. 
The main raw water consumptions are the following: 
- Demi water unit: raw water is needed to produce demi water mainly sent to the power island to compensate the 
water losses from the blowdown. 
- Gasification: raw water is required to supply water to the syngas scrubber and for slurrying the coal fed to gasifiers. 
The water withdrawal is represented by the cooling water taken from the sea in the case without limitation of water usage 
and mainly used in the steam turbine condenser of the power island and in the ASU. 
Looking at the dry land case, the sea water withdrawal is reduced to zero introducing a fully air cooled system. The resulting 
reduction of the net power output is approximately 6%. 
In the flue gas coming from the gas turbine, the water quantity is lower than in coal combustion process and therefore, even 
with the addition of an air cooled DCC, is not possible to recover a flowrate of water sufficient to cover the overall plant raw
water need. The net raw water consumption cannot reduce to zero and a stream of raw water is still needed. 
IGCC with pre-combustion CCS: The case is based on the same GEE gasification technology as the case without CCS. 
As shift is necessary to produce syngas, the quench with water provides the reagent for the chemical reaction. The produced 
raw syngas outlet from the gasification island is treated through a sour shift unit, increasing both the hydrogen and CO2
content of the syngas, and H2S and CO2 are removed through a physical solvent washing in the AGR unit. The cleaned 
syngas is used in a combined cycle. 
The main raw water consumptions are the following: 
- Demi water unit: raw water is needed to produce demi water mainly sent to the power island to compensate the 
water losses from the blowdown. 
- Gasification: raw water is required to supply the water to the syngas scrubber and for slurrying the coal fed to 
gasifiers. The water make up is higher than the one in the case without CO2 capture due to the water consumed in 
the shift reaction where water and CO are converted into H2 and CO2.
The water withdrawal is represented by the cooling water taken from the sea in the case without limitation of water usage 
and mainly used in the steam turbine condenser of the power island, in the ASU and in the CO2 compression. 
Looking at the dry land case, the sea water withdrawal is reduced to zero introducing a fully air cooled system. The resulting 
reduction of the net power output is approximately 8%. 
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As in the relevant case without CO2 capture, even with the introduction of a DCC for the recovery of water from the flue 
gases downstream the HRSGs, the net raw water consumption cannot be reduced to zero and a stream of raw water is still 
needed. 
3. Performance summary 
The key performance data of the ten cases studied are summarized in the following Table 2. The specific CO2 emissions and 
water consumption are given per Electrical MWh. 
Table 2 – Performance data 
Case Fuel Gross 
Power
Output 
Auxiliary 
Cons. 
Net 
Power
Output 
CO2
capture
efficiency
Net 
Electrical
Efficiency
Raw 
water
cons.
Specific
CO2
emissions
Specific
water
cons.
 MWth MWe MWe MWe % % t/h kg/MWh kg/MWh 
1 wet  
USC-PC  
1,723.2 831.0 73.3 757.7 - 44.0 78.9 743 104 
1 dry 
USC-PC 
1,723.2 802.0 77.0 725.0 - 42.1 0 777 0 
2 wet  
USC-PC CCS 
1,913.7 827.0 161.4 665.6 87.5 34.8 272.7 117 410 
2 dry 
USC-PC CCS 
1,913.7 799.0 175.9 623.0 87.5 32.6 0 125 0 
3 wet 
Oxyfuel  
1,502.2 737.0 205.6 531.4 90.0 35.4 33.3 85 63 
3 dry  
Oxyfuel  
1,502.2 710.0 218.6 491.4 90.0 32.7 0 92 0 
4 wet  
IGCC 
2,177.3 988.7 162.2 826.5 - 38.0 104.5 818 126 
4 dry  
IGCC 
2,177.3 955.1 177.5 777.6 - 35.7 32.5 869 42 
5 wet  
IGCC CCS 
2,321.8 972.8 242.5 730.3 85 31.5 300.3 152 411 
5 dry  
IGCC CCS 
2,321.8 937.4 266.3 671.1 85 28.9 26.5 165 39 
4. Economic analysis 
Table 3 provides the main economic data for the different alternatives.  
The cost of electricity is calculated based on the following main assumptions: 
- Investment cost given at 4Q2009 cost level in South Africa; 
- Fuel costs: 1.5 €/GJ; 
- 10% discount rate on the investment cost over 25 operating years; 
- Cost of CO2 transport and storage are excluded from the estimate; 
- No selling price is attributed to the sequestered CO2.
The cost of water saved is calculated based on the following main assumptions: 
- Electricity cost: 50 c€/kWh;
- 10% discount rate on the investment cost over 25 operating years;
- Differential investment cost between the case without and with water limitation; 
- Delta net power output between the case without and with water limitation; 
- Delta O&M Costs between the case without and with water limitation. 
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Table 3 – Economic data 
CASE Total 
investment
cost
M€ 
% TIC 
increase 
%
Yearly 
operating 
hours 
h/y 
Yearly 
O&M costs 
M€/y 
Specific
Investment 
cost
Euro/kWe 
COE 
c€/kWh
Cost of 
water
saved 
c€/t 
1 wet  880.1 
+ 5.0% 
7,884 (90%) 133.6 1,161.6 4.0 - 
1 dry 924.6 7,884 (90%) 135.9 1,275.3 4.3 3.3 
2 wet 1,101.4 
+7.7% 
7,709 (88%) 162.1 1,654.7 5.8 - 
2 dry 1,186.6 7,709 (88%) 166.3 1,904.6 6.5 0.8 
3 wet 1,053.7 
+4.1% 
7,446 (85%) 125.3 1,982.8 6.4 - 
3 dry 1,097.3 7,446 (85%) 127.6 2,233.0 7.1 9.0 
4 wet 1,225.0 
+6.0% 
7,446 (85%) 162.1 1,482.1 5.0 - 
4 dry 1,298.7 7,446 (85%) 165.9 1,670.1 5.6 7.3 
5 wet 1,378.7 
+5.9% 
7,446 (85%) 175.7 1,887.9 6.3 - 
5 dry 1,460.1 7,446 (85%) 179.8 2,175.7 7.1 0.9 
The %TIC increase is given for each dry land case with respect to the relevant wet land case. 
Figure 3 provides the normalized cost of electricity for each alternative, considering as reference case the USC-PC power 
plant without CO2 capture and without limitation on water usage (COE = 100%). 
For each case it is also shown the percentage increase (ratio between the COEs) of the COE for the dry land case with 
respect to the relevant wet land case. 
Figure 3 – Normalised cost of electricity 
5. Summary and conclusions 
With reference to performance summary data, the following considerations are made: 
 For all the cases the penalty on net electrical efficiency due to the limitation on the water usage falls in a 
relatively narrow range of variation, despite the differences of the various technologies involved.  
 The penalty is generally higher in the cases with CO2 capture, as the CO2 capture and mainly the CO2
compression are heavily affected by the limitation on water usage. In the CO2 capture unit, in fact, both the sour 
gas and the lean solvent are fed to the absorber at higher temperature, being cooled down by air instead of 
cooling water, thus leading to an increase of solvent circulation and steam consumption in the regeneration 
section. In the CO2 compression unit, the air intercoolers lead to a higher temperature at the compressor inlet 
significantly affecting the compressor power absorption. 
 The specific CO2 emissions slightly rise in the cases with limitation on water usage due to the net electrical 
efficiency reduction. 
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 In both IGCC cases it is not possible to reduce to zero the net raw water consumption and is raw water make up 
is still required.  
With reference to economic summary data, the following considerations are made: 
 The TIC percentage increase for all the dry land cases falls in a relatively narrow range of variation, between 4% 
and 8%, despite the differences of the various technologies involved. 
 Cases without CO2 capture: the TIC percentage increase for the dry land design is higher in the IGCC case than 
for the USC-PC. This is because of the different impact of cost increment in the different process units. The 
impact on the investment cost for USC-PC is limited to the power island and utilities, while for IGCC the dry 
land design also impacts the ASU. 
 Cases with CO2 capture: again, the TIC percentage increase for the dry land design is higher in USC-PC case 
than for the IGCC case. In fact, in the USC-PC case the dry land design strongly affects the investment cost of 
CO2 capture and compression units, in addition to the units mentioned above.   The impact on performance and 
investment cost of the CO2 capture unit in the IGCC case is marginal. In the USC-PC case the CO2 compression 
unit consumes much more power than in the IGCC due to the clear difference in the suction pressure (the CO2 is 
made available from the AGR in IGCC at a much higher pressure than in the USC-PC case) and consequently 
the extra investment cost in the dry land case is much more evident. 
 The TIC percentage increase (dry land vs. wet land) in the IGCC with and without CO2 capture is similar. This is 
because the difference between the two cases is mainly limited to the CO2 compression unit that, from an 
economic point of view, counts for less than one percentage point. 
 The TIC percentage increase (dry land vs. wet land) in the USC PC with CO2 capture is the highest since the cost 
of CO2 capture and compression units represents a significant part of the overall investment cost. 
 The TIC percentage increase for the oxyfuel case remains lower than the other cases for the following reasons: 
- The CO2 purification system itself leads to the condensation of the water from the boiler flue gases and therefore 
there is no need to add any further water recovery system in the dry land cases; 
- In the oxyfuel case the oxygen from the ASU is made available at a lower pressure with respect to the IGCC case 
and therefore the dry land impact on ASU compressors and intercoolers is much lower. 
 The O&M yearly costs are not significantly affected by the dry land design. 
Regarding the variable O&M costs, the only significant difference with respect to the dry land case is in fact, is 
represented by the make-up of water in the IGCC cases, and this has a very limited impact on the overall O&M 
costs.
The fixed O&M costs remain partially constant (fuel, labour and consumables), while a part is increased 
proportionally with the investment cost of the plant on the same basis as the reference wet land case 
(maintenance, insurance and local taxes). 
The overall O&M cost increase is therefore limited to few percentage points. 
 The main parasitic load due to the dry land design is represented both by the loss of gross electric power 
production and by the increase of electricity consumptions leading to a significant reduction of net electricity 
exported to the grid. This is not reflected in the O&M costs, but strongly reduces the incomes from the electricity 
sold to the market and therefore the overall plant economics. 
 The cost of water saved is very low in USC-PC with CCS and in IGCC with CCS as in both cases it is possible 
to save a huge amount of water, although the increase in investment cost is significant (approximately +85M€ in 
both cases) and in the IGCC it is not possible to avoid a small raw water consumption. The cost of saving water 
is much higher in the oxyfuel case although the increase of investment cost is lower (+46 M€), as the water 
saved is limited to just 33 t/h. This is because in the oxyfuel case the water requirement is s small also in the wet 
land case. 
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